Purpose: To conduct a systematic review of literature regarding population-based screening for fragile X syndrome in newborns and women of reproductive age, either before or during pregnancy. Methods: Seven electronic databases were searched for English language studies published between January 1991 and November 2009. Data extraction was performed for all included studies. Results were synthesized using a narrative approach. Results: One article that examined offering newborn screening for fragile X syndrome and 10 that examined the offer of fragile X syndrome screening to women of reproductive age were identified. Two of these articles also addressed psychosocial aspects of population screening for fragile X syndrome such as attitudes to screening and experiences of screening, and a further nine addressed these issues alone. Studies exploring psychosocial issues demonstrated challenges for counseling arising from a lack of awareness or personal experience with fragile X syndrome in the general population. Conclusions: Targeted counseling and educational strategies will be essential to support women from the general population. It is crucial that future studies offering screening for fragile X syndrome explore a range of psychosocial aspects in addition to looking at uptake of testing and mutation frequency. Genet Med 2010:12(7):396 -410.
P opulation-based screening programs for a number of genetic conditions have been established in newborn, prenatal, and preconception settings. Specific criteria, such as those developed by the World Health Organization, 1,2 are available to provide guidance on which conditions are suitable for screening. 3 Fragile X syndrome (FXS) is an X-linked genetic condition for which possible inclusion in population-based screening programs has been discussed and debated for many years. 4 -7 FXS is the most common known cause of inherited intellectual and developmental disability. It has a serious adverse impact on individuals and their families that is equivalent to that of other disabilities such as Down syndrome and autism. Most FXS cases are caused by the silencing of the FMR1 gene, which is located on the X chromosome. In these cases, the FMR1 gene is switched off as a result of an increase in the number of hypermethylated trinucleotide (CGG) repeats in the 5Ј untranslated region of the gene. Current definitions describe the normal range of CGG repeats as 6 -44, the "gray zone" range as [45] [46] [47] [48] [49] [50] [51] [52] [53] [54] repeats, and the premutation range as 55-199 repeats. 8 Those affected by FXS have Ͼ200 repeats (full mutation). The length of the CGG repeat is unstable over a certain size, such that a premutation can expand to a full mutation when passed onto offspring through female, but not male, premutation carriers. 9 -11 Similarly, a gray zone allele can increase to a premutation allele when transmitted to offspring, such that a grandchild could be affected with FXS.
The full mutation is associated with intellectual disability, anxiety, social anxiety, attention/deficit hyperactivity disorder, autism spectrum features, and various physical and medical characteristics. 12 The condition varies from person to person and ranges from mild to severe. Although FXS is not curable, there is some evidence to suggest that specific treatment strategies can improve a number of the physical [13] [14] [15] [16] and behavioral 17 symptoms. The current evidence for the efficacy of most treatments is, however, limited. In a recent systematic review of pharmacologic interventions for people with FXS, the authors concluded that there was no robust evidence to support recommendations on pharmacologic treatments in people with FXS. 18 Treatment options for FXS may improve in the future as there has been recently a number of promising small clinical trials to explore new therapies. 19 -22 Premutation carriers have an increased risk of mild learning or emotional difficulties and are at risk of developing fragile X-associated tremor/ataxia syndrome (FXTAS), a late-onset neurodegenerative condition. 23, 24 Female premutation carriers also have a 20% risk of developing fragile X-associated primary ovarian insufficiency (FXPOI). [25] [26] [27] The potential for personal health implications for premutation carriers has gained recognition only recently. [23] [24] [25] [26] [27] In addition, our understanding of the cause of the clinical symptoms is still evolving. It is now thought that the symptoms seen in premutation carriers are the result of an increase in the production of FMR1 mRNA. 28, 29 Further research is needed to establish the full extent of the health issues that premutation carriers may face.
FXS is considered to be a common condition. The general estimated prevalence of affected males is 1 in 4,000, 30 -32 whereas that of affected females is 1 in 5,000 -8,000. 33, 34 These estimates are based on screening children with special needs and may not reflect the true frequency of FXS in the general population or the possible differences in mutation frequency that may occur between ethnic groups. Two large studies from North America have recently screened for FXS mutations in the general population using anonymous samples from newborns. 35, 36 In a US study that screened 36,124 newborn males, the prevalence of the full mutation was 1 in 5,161, 35 whereas in a Canadian study that screened 12,418 newborn males and 12,032 newborn females, the prevalence of the full mutation was 1 in 6,209 males and 0 in 12,032 females. 36 These studies contrast with a full mutation frequency of 1 in 2,633 males found in a Spanish study of 5,267 anonymous samples from newborn males. 37 Although there are various studies addressing carrier frequency in women from the general population, issues of selection bias when people volunteer for screening and founder effects in different populations have been highlighted. 38 Recent large scale studies include a Canadian study of 21,411 anonymous female samples (mothers of newborns), which found a carrier frequency of 1 in 549, 36 and a study from Israel of 36,483 women requesting screening, which found a carrier frequency of 1 in 158. 11 Carrier frequency may be different again in other population groups, with no carriers found in 370 women screened in a recent Japanese study 39 and carrier frequencies of 0 in 1,002 40 and 1 in 300 women 41 found in studies from Taiwan.
Current approaches to identifying those affected by FXS and carriers of the condition are imperfect. Guidelines recommend FXS DNA testing be offered to any individual with intellectual disability, developmental delay, autism, or any other feature suggestive of FXS. 42 However, despite these guidelines, FXS is underrecognized, and families often face multiple visits to health care providers before diagnosis is made. 43, 44 In a recent study, Bailey et al. 44 found that the average age of diagnosis for males was 35-37 months and for females 41.6 months. In addition, 25% of the 1000 families studied had unknowingly already had a second child with FXS before diagnosis. 44 Premutation carriers are identified through cascade testing, and genetic tests are only offered to individuals with a family history of FXS or undiagnosed intellectual disability. 42, 45 This approach is limited by issues around dissemination of genetic risk information in families, and its reliance on the diagnosis of an affected individual to make relatives aware of their risk. In one Dutch study in which families with FXS were counseled after a newly identified mutation in the family, information was only disseminated to approximately one third of relatives at risk of carrying an expanded FMR1 allele. 46 Consequently, the majority of premutation carriers will not be detected with current testing protocols.
Arguments in favor of introducing population-based screening for FXS center on the severity of the condition, the high incidence in the general population, and the impact of the condition on individuals, families, and society. Accurate molecular testing is available, and recent technological advances have meant that widespread screening could now be performed rapidly and relatively cheaply. [47] [48] [49] However, the decision to introduce population-based screening for FXS is not straightforward as FXS is a complex condition with variable severity and a complicated pattern of inheritance. In addition, there are health risks associated with being a premutation carrier such as FXTAS and FXPOI. The anticipated difficulties around counseling and education for such a complex condition and concerns about the availability of resources for individuals identified as premutation carriers have led to guidelines recommending against population-based carrier screening for FXS, unless it is offered as part of a well-defined clinical research study. 42, 45 Similarly, the American Academy of Pediatrics only recommend FXS testing in childhood as part of diagnostic evaluation of children with cognitive impairments or autism. 50 Consequently, arguments to introduce population-based screening for FXS must be supported by research that considers not only technical feasibility and cost-benefit issues but also addresses social, psychological, and ethical aspects. 3, 51 The two most widely discussed target groups for populationbased screening of FXS are newborns and women of reproductive age, either before pregnancy or during pregnancy. Screening in each of these target groups has different aims. The aim of newborn screening is to identify individuals affected by FXS shortly after birth, enabling treatment initiation before symptom onset. Newborn screening could also mitigate the "diagnostic odyssey" faced by parents of children affected by FXS and inform future reproductive planning. 44 Alternatives to newborn screening, such as screening shortly after the newborn period at "well-baby" checkups would also meet these goals. 52 The aim of screening women of reproductive age is to identify women at risk of having a child with FXS. Screening can also provide women with information about their own health. The risk of fertility problems for premutation carriers is significant, and knowing this risk could influence life choices for women, such as deciding when to start a family. [25] [26] [27] Here, we describe a systematic review of the existing literature on population-based screening for FXS in newborns and women of reproductive age. The goal of the review was to establish the context of current approaches to screening programs and to identify key gaps in the empirical research literature. Two types of studies were included in the review: (1) studies in which screening had been offered in the general population and (2) studies that addressed psychosocial aspects of population screening for FXS such as attitudes to screening and experiences of screening such as decision making, knowledge, and psychological well being.
MATERIALS AND METHODS

Search strategy
Studies published in English addressing either offering FXS screening in the general population or psychosocial issues associated with screening in the general population were sought. A comprehensive literature search was conducted to identify relevant research using multiple databases and internet searching and a manual search of the reference lists of included studies. Seven electronic databases were searched: Medline, CINAHL, Cochrane Library, EMBASE, PsycInfo, National Research Register, and Clinical Evidence. The search period was from January 1991 to November 2009. This start date was selected because the DNA mutation that allowed molecular testing of FXS was identified in 1991. 9 Search terms were both text words and relevant thesaurus terms (medical subject headings [MeSH]) for FXS and screening:
Inclusion criteria
Inclusion criteria for studies in which population-based screening had been offered required participants to be drawn from the general population. Studies that solely comprised participants with intellectual disability, FXTAS, FXPOI, or other clinical populations were excluded. Studies in which screening was conducted solely among populations with a family history of FXS were also excluded. In addition, screening for FXS was required to be based on molecular (DNA) testing, and studies in which screening was based solely on cytogenetic tests or clinical assessments were excluded. Studies that addressed the cost-effectiveness of screening for FXS were excluded unless screening was actually offered. Outcome measures sought were uptake or refusal of testing, mutation frequency, feasibility of offering screening, and psychosocial issues (attitudes to screening and experiences of screening such as decision making, knowledge, and psychological well being).
Inclusion criteria for studies addressing psychosocial aspects associated with screening for FXS in the general population were intentionally broad with no restrictions placed on types of participants or study design. We specifically looked for the outcome measures of attitudes to testing, experiences of testing, decision making, knowledge, and psychological well being.
Study selection process
Search outcomes were collated in a single EndNote (version X2; Thomson Reuters) database, and duplicate references were removed. The title and abstract of each article were screened for relevance by two reviewers (A.A. and M.H.), and studies that would clearly not meet the inclusion criteria were excluded. The remaining studies were retrieved for assessment of the full text. Inclusion and exclusion criteria were applied to each retrieved article by two independent reviewers (A.A. and M.H.). A third reviewer (S.M.) was consulted over any uncertainties.
Data extraction and synthesis
Data extraction was undertaken on all included articles. Data were extracted onto standardized forms that comprised the following fields: citation, country of origin, study aims, study design, sample size, participant description, outcomes measured, study limitations, payment for testing, test uptake, mutation frequency, and other findings. For qualitative studies, theoretical frameworks and methods of analysis were extracted. Qualitative study findings were defined as the identified themes or conclusions reached by the researchers. Formal quality appraisal of individual studies was not undertaken as a result of the heterogeneity in the design of included studies. A narrative synthesis of studies was performed.
RESULTS
The literature searches identified 651 articles for consideration. The full texts of 117 articles were retrieved after exclusion based on title and abstract. Eleven articles met the inclusion criteria for studies in which screening had been offered in the general population. One article that examined offering newborn screening for FXS 53 and 10 that examined the offer of FXS screening to women of reproductive age were identified. 11,40,54 -61 Eleven articles met the inclusion criteria for studies that addressed psychosocial aspects of population-based screening for FXS. 55, [61] [62] [63] [64] [65] [66] [67] [68] [69] [70] There was some overlap between the two groupings, with two articles included in both as they addressed the offer of carrier testing alongside an evaluation of psychosocial aspects. 55, 61 Data extraction was performed on all included articles, and the study details, design, and key outcomes have been collated (Tables 1 and 2 ).
Studies offering population screening for FXS
Eleven articles that addressed offering screening for FXS to the general population (Table 1) were identified. The majority of included studies offered carrier screening to women of reproductive age, with four studies targeting pregnant women only, 40, 55, 59, 60 one study targeting nonpregnant women only, 61 and five studies targeting both pregnant and nonpregnant women. 11,54,56 -58 Only one study addressed offering newborn screening. 53 In this study, screening was not available for all newborns, and parents were only offered the option of testing their child when the newborn was male. 53 The included studies were heterogeneous in design, setting, sample size, and purpose (Table 1) . Four studies were retrospective audits conducted in Israel in settings where carrier screening for FXS was offered to pregnant and nonpregnant women as an existing clinical service. 11,56 -58 The remaining studies had a prospective design and addressed the feasibility of offering carrier screening in defined clinical settings in the United States, 53, 54, 60 Australia, 61 Finland, 55, 59 and Taiwan. 40 Sample sizes drawn from the general population ranged from 239 59 to 36,483. 11 All studies used convenience sampling.
Several studies reported on the uptake of testing. Uptake varied from 7.9% in a US study offering FXS screening to pregnant women attending prenatal genetic counseling for various reasons 60 to 92% in a Finnish study offering FXS screening to pregnant women undergoing invasive testing. 59 Metcalfe et al. 61 reported an uptake of 20% when screening was offered to nonpregnant women at an Australian primary care clinic and Spence et al. 54 reported an uptake of 21% in a US study of pregnant and nonpregnant women attending genetic counseling for various reasons. The newborn screening study found uptake was 79%. 53 Mutation frequencies were reported in all studies. In the large study of 36,483 women by Berkenstadt et al., 11 a premutation carrier was defined as having repeats. In this study, carrier frequency was reported as 1 of 158. 11 In contrast, in the study conducted in Taiwan by Huang et al., 40 1,002 women were screened, and no women were identified with a repeat length Ͼ52. In studies offering carrier screening to pregnant women, invasive prenatal testing was offered when a premutation was identified. The uptake of prenatal testing was high among women with repeat lengths Ͼ50 in these studies. 11,54 -58,60 For example, 18 of 18 women identified as premutation carriers in the Finnish study reported by Ryynanen et al. 55 underwent prenatal testing. One female fetus was identified with a full mutation, and one female fetus was mosaic for a premutation and a full mutation. All women who underwent prenatal testing in this study continued their pregnancies. 55 In addition, 327 of 327 women without a relevant family history who were identified as premutation carriers in the study reported by Berkenstadt et al. 11 had prenatal testing. In this study, 17 (9 male and 8 female) pregnancies with a full mutation were identified, all of which were terminated.
Studies addressing psychosocial aspects of population screening for FXS
Eleven articles were identified that addressed psychosocial aspects associated with screening for FXS in the general population (Table 2) . Four studies (reported in six articles) examined the experiences of women who were offered carrier screening and chose to be tested. 55,61,63,66 -68 One study (reported in two articles) also explored the experiences of women who were offered testing but chose not to be tested. 61, 68 Both qualitative and quantitative designs were used, with studies using questionnaires, 55, 66 focus groups, 63 in-depth interviews, 66 -68 or all three approaches. 61 Although descriptions of methodologies were generally thorough, no description of questionnaire development was provided in two questionnaire-based studies. 55, 66 In the remaining questionnaire-based study, Metcalfe et al. 61 described the use of validated scales for anxiety and decision making, with other questions designed and reviewed by relevant stakeholders. 61 Only three studies have specifically looked at the impact of offering screening on psychological well being. 55, 61, 66 Ryynanen et al. 55 reported that 12 of 16 pregnant women identified as premu- Overall numbers with and without a family history were not reported. 64, 70 or genetics health professionals. 65, 69 Although the study by Acharya and Ross 69 with genetics health professionals looked at options for FXS screening across the life span, the remaining three studies focused on newborn screening. 64, 65, 70 Professional membership lists were used to invite participation, either by inviting all members 65, 69 or a random sample of members. 64, 70 Overall, response rates to questionnaires were low, ranging from 19 65 to 43%. 64 Consequently, opinions and attitudes may not be representative of the full population of health professionals' groups surveyed in these studies. Another limitation of these studies was that the development and validation of questionnaires was poorly described. 64, 65, 69, 70 One questionnaire-based study was identified that looked at the attitudes of parents of children with FXS to screening for FXS across the lifespan. 62 The questions on screening formed part of a larger study of parents' experiences of diagnosis. 62 The response rate cannot be determined as advertising was used to recruit some participants. Questionnaires were developed with input from a range of relevant stakeholders. 62 
DISCUSSION
Before instigating screening for any genetic condition, it is essential that research is undertaken to assess ethical and psychosocial issues. 3, 51 Accordingly, this review looks beyond studies addressing technical feasibility and brings together a diverse body of research that addresses screening for FXS in the general population from a number of perspectives. Previous systematic reviews that have addressed population-based screening for FXS include a Cochrane review that aimed to compare population-based screening of women of reproductive age with the current practice of cascade screening. 73 Ultimately, no studies were included in the review as no randomized clinical trials of FXS screening had been performed. 73 In addition, three Health Technology Assessment (HTA) reviews have examined the feasibility and acceptability (based on uptake) of cascade screening and population-based screening. 38, 74, 75 These extensive reviews have addressed mutation prevalence, risk of FMR1 mutation expansions, uptake of testing, and modeling of economic costs.
The most recent HTA review, by Song et al., 38 found population-based prenatal screening and cascade screening to be both feasible and acceptable. In the HTA review, acceptability was based only on the uptake of screening in the included studies. Overall, the authors concluded that population-based prenatal screening would be more efficacious than cascade screening, but cascade screening would be more efficient and less expensive. In the review described here, we have chosen to focus on population-based screening and have not attempted to make direct comparisons with cascade screening.
Another HTA systematic review was conducted to examine the psychosocial aspects of genetic screening of pregnant women and newborns for a variety of conditions. 76 This review focused on issues such as knowledge, decision making, anxiety, and impact of results. No studies specifically examining screening for FXS met the inclusion criteria, and the authors recommended that FXS be included in future research studies addressing psychosocial issues in prenatal and newborn screening. 76 The number of included studies examining psychosocial aspects was markedly lower for newborn screening compared with prenatal screening (28 compared with 78) . This parallels the findings of the current review in which research addressing newborn screening for FXS was underrepresented compared with prenatal or preconception screening. The previous Cochrane and HTA reviews relating to FXS did not directly deal with psychosocial aspects. Thus, the current review is unique in addressing the psychosocial issues linked to FXS screening.
This review is based on a comprehensive literature search, and study selection was undertaken by two reviewers. The value of including qualitative research in systematic reviews for health research is now recognized, and a key strength of this review is the inclusion of studies with a range of quantitative and qualitative research approaches. The limitations of the review include restricting the literature search to articles published in English, which means that some studies may not have been identified and the lack of formal quality appraisal because of the inclusion of studies with widely divergent purposes and designs.
Overall, the body of literature in the area of population-based screening for FXS is quite small. Carrier screening in women of reproductive age has been the focus of most of the research offering screening to date, and only one study offering newborn screening was identified. All have been observational studies, 11, 40, [53] [54] [55] [56] [57] [58] [59] [60] [61] and as also found in the Cochrane review of FXS screening, 73 no controlled screening intervention studies have been conducted. Ideally to assess efficacy, population-based screening should be compared with a control group in which screening is not offered or in which a different screening intervention is used; for example, cascade screening of family members. Inclusion of a control arm in population-based genetic screening studies is technically and ethically challenging and observational designs are, therefore, more likely.
Studies addressing attitudes to testing have attempted to consult a range of key stakeholders including health professionals, 61, 64, 65, 70 families with FXS, 62 and the wider community. 61 In addition, several studies have looked at the experiences of women who have been offered population-based screening. 55,61,63,66 -68 Various studies have addressed the costs and cost-effectiveness of prenatal screening for FXS. These include a HTA review conducted in the United Kingdom 38 and studies from the US 77 and Australia. 78 Inclusion of these studies was outside the scope of the current review.
The majority of research addressing the offer of screening has focused on the determination of mutation frequency, reproductive choices, and pregnancy outcomes in the general population. Only two studies in which carrier screening was offered have included a concurrent analysis of the psychosocial impacts of screening. 55, 61, 68 In Israel, where screening has been offered in the greatest numbers, there has been no published research on psychosocial issues or attitudes to screening for FXS. Ideally, future research in this area will combine the offer of carrier screening with an evaluation of factors influencing uptake of testing and an assessment of informed decision making, ethical issues, and the risks of psychosocial harms.
Carrier screening for FXS in women of reproductive age
Various models for offering carrier screening to women of reproductive age have been examined. Screening during preg-nancy has been offered as part of standard prenatal care appointments, 55 as an additional test for pregnant women having invasive testing, 59 or when seeing a genetic counselor for other reasons. 54, 60 Preconception screening has been offered to women attending a primary care clinic for other reasons. 61 In addition, several studies provide an insight into carrier screening as a clinical service that women can take up before pregnancy or during pregnancy. 11,56 -58 No harms to psychological well being have been demonstrated to date, although only three studies have specifically investigated the impact of offering screening on psychological factors such as anxiety. 55, 61, 66 Uptake of testing varied widely between studies. Differences in study design and setting may, at least in part, explain the observed variability. In the study described by Cronister et al., 60 (7.9% uptake) cost of testing was seen by the authors as a possible barrier. In the two studies where uptake of testing was high, with 92 59 and 85% 55 of women electing to have carrier testing for FXS, there was no charge for testing. In the study by Kallinen et al., 59 FXS testing was offered to women already having invasive testing during pregnancy. Consequently, a possible facilitator of the decision to be tested was that women did not need to consider whether or not they would have an invasive test if found to be a carrier. Cronister et al. 60 also found that women who were initially referred for patient concern or advanced maternal age who accepted an invasive test had the highest uptake of FXS carrier testing. 55 Metcalfe et al. 61 (20% uptake) found that a possible barrier to testing was that women could not give blood on the day they were recruited into the study and needed to return to the clinic (a requirement of the clinic's Human Research Ethics Committee). This barrier should not, however, be considered a negative aspect of how testing was offered. Follow-up interviews with a subgroup of women revealed that there was no regret about decisions not to be tested, suggesting that this particular barrier may have in fact supported informed decision making as it gave women more time to weigh their decision. 68 Although uptake of testing has often been used as a primary outcome measure when evaluating screening programs, it should not be the sole measure. As Henneman et al. 79 discuss in their evaluation of preconception carrier screening for cystic fibrosis, participation in genetic screening programs must be voluntary, and uptake cannot be the most important determinant of success. Furthermore, low uptake should not be seen as a reflection of poor acceptability. Women offered screening for FXS in a preconception setting emphasized their support for testing being available, even if they chose not to have testing. 61, 68 In this study, some women mentioned that they chose not to have screening because it was not relevant to their current stage of life. 68 These women planned to consider screening when they were ready to start a family. 68 These findings clearly demonstrate that using uptake of testing as a sole outcome measure provides an incomplete picture of the choices made at the time that testing is offered.
Although mutation frequencies were reported in all studies, it is difficult to make comparisons between studies as different repeat length cutoffs have been used and sample sizes and sampling methods varied widely. Consistency in repeat length cutoffs and large studies with a wide range of population groups are needed. In the large study of 36,483 women by Berkenstadt et al., 11 frequency of the premutation (defined as 55-199 repeats) was reported as 1 in 158. More research is required to establish mutation frequencies as variations may exist between ethnic groups. Many studies also addressed reproductive choices and pregnancy outcomes. The uptake of invasive prenatal testing was high among women identified as premutation carriers during screening in multiple studies. 11,54 -58,60 A recurrent theme across studies that explored women's attitudes and experiences of carrier screening for FXS was that women from the general population have distinct needs and specific requirements for information and counseling. 55,61,63,66 -68 In addition, reproductive stage of life may influence women's perceptions regarding the relevance of screening to them. Two studies reported that few participants had heard of FXS before being offered screening for FXS as part of a research study and that participants struggled to understand the clinical features of FXS. 61, 66, 68 Ryynanen et al. 55 found that participants would have liked to have received more information about FXS and the meaning of a carrier result. Anido et al. 67 found that the women in their study who were identified as premutation carriers of FXS as part of a research study were wholly unprepared for their positive carrier results. They also found that a woman's stage of life seemed to define the interpretation of carrier status information and the subsequent use of that information in life planning. 67 Archibald et al. 68 also reported that reproductive stage of life and experience of illness/disability played an important role in women's decisions about whether to consider having screening.
Overall, given that women from the general population may have a lack of awareness of FXS and will not have the lived experience of having a family member with FXS, there is a need to develop pre-and posttest genetic counseling guidelines specific to this group. 68 McConkie-Rossell et al. 52 have also highlighted the need to develop information materials such as targeted brochures and fact sheets to increase women's understanding of risks and benefits at the time of offering screening. As part of developing and testing educational and counseling strategies, consideration should be given to the different ways carrier screening for FXS could be offered within a particular setting. This is particularly important as screening for genetic conditions has become increasingly common and as screening for FXS could be offered alongside screening for other genetic conditions. For example, in the study by Kallinen et al., 59 prenatal screening for FXS was offered to women having invasive prenatal testing as part of a panel of three genetic conditions.
Newborn screening for FXS
Although population-based carrier screening for FXS in women of reproductive age clearly meets established criteria for guiding screening implementation, there is more contention around newborn screening as the benefits of early interventions for FXS have not been established. In addition, there are complex ethical and policy issues that need to be considered before screening could be offered outside of a research protocol. These include the following: whether to screen only boys or infants of both sexes; how best to deal with incidental chromosomal findings; and whether to report full mutations only or tell parents about both premutations and gray zone results (for review see Refs. 7, 80) .
Although multiple studies have been published on aspects of newborn screening for FXS, the vast majority used anonymous samples to explore technical feasibility and to establish mutation frequency. 35, 37, 41, [81] [82] [83] Only one newborn screening study has actually addressed offering screening to parents of newborn males, although no psychosocial or ethical aspects were addressed. 53 Newborn screening was offered as a voluntary addition to mandatory newborn screening to mothers of newborn males, and uptake was 79%. 53 This figure is considered low compared with other newborn screening pilot studies, and it has been suggested that issues such as the requirement for written consent in the study may have negatively influenced uptake of testing. 6 It has also been suggested that parents may have felt that testing was not worthwhile as the usefulness of offering early developmental services is not clear. 80 In studies addressing attitudes to newborn screening for FXS among health professionals, there was little support for mandatory newborn screening for FXS by pediatricians 64 or genetic counselors 65 (only 31 and 20% respectively would support mandatory newborn screening for FXS). In a more recent study, genetics health professionals were asked about both voluntary and mandatory newborn screening for FXS. 69 Although 60% would support newborn screening, the majority (70%) preferred voluntary screening over mandatory screening (21%). 69 Acharya et al. 64 also considered screening shortly after the newborn period at routine 3-6-month check ups, finding that only 28% of pediatricians would support this type of screening.
Ross et al. 80 have highlighted the question of whether to screen only boys or infants of both sexes as a key policy decision in designing newborn screening programs for FXS. Two studies reported that health professionals would prefer testing of both males and females in newborn screening. 65, 69 In the study by Saul et al., 53 testing was only offered to mothers of male newborns because of technical issues with screening for female samples with the available screening test. This limitation will be overcome in the near future as new screening tests can rapidly and efficiently screen both male and female samples. [47] [48] [49] The reporting of premutations and gray zone results is another critical policy issue for newborn screening. The identification of carriers of premutations is, in essence, predictive of genetic screening for the risk of developing late-onset conditions (FXPOI in females and FXTAS in males and, to a lesser extent, females). This is not traditionally considered a satisfactory purpose of newborn screening, and there are concerns about how this information will eventually be imparted to the child. Parents often struggle with when and how to tell their children about their FXS carrier status and the method and timing of the delivery of the information can have a significant impact on the individual. 84, 85 In contrast, a clear advantage of population-based carrier screening for FXS in women is that it is conducted with the individual who gives informed consent.
When is the most appropriate time to offer population screening for FXS?
Collectively, studies exploring attitudes to population screening suggest that although voluntary newborn screening and screening of pregnant women are supported, preconception carrier screening is preferred. 62, 64, 65, 69, 70 One of the main advantages of newborn screening and screening during pregnancy is the possibility of taking advantage of existing screening programs to make the introduction of screening for FXS more logistically and economically viable. A number of studies have, however, examined preconception screening, and offering screening at this time is achievable. 11,54,56 -58,61 In addition, women offered screening for FXS in a preconception setting were found to be supportive of screening and felt that the option should be available to them. 61 Preconception screening has obvious benefits over screening during pregnancy as women's reproductive options are expanded to include adoption, gamete donation, or preimplantation genetic diagnosis. Preconception screening may also be less stressful compared with waiting for a screening test result during pregnancy or after the birth of a child. In addition, as the time frame for decision making is not limited, women will have more time to weigh the pros and cons of screening and may be more likely to make an informed decision. Another argument that weighs in favor of preconception screening is the increased risk of FXPOI in premutation carriers because this information could significantly influence decisions around the timing of reproduction. For this information to be of most value to women, carrier status needs to be identified before fertility is lost. A study examining the emotional reaction of 20 infertile women to FXS carrier testing has been conducted. 86 Of the 18 women who wanted to know their result, one was found to be a premutation carrier. Before knowing their result, women who viewed a FXS premutation as a serious medical condition felt anger and regret about not knowing sooner of the association between premutation and infertility but were glad to know there might be a medical cause of their infertility. 86 The dual purpose of carrier screening for FXS, for which women are given information about their reproductive risks and their personal health, is unique in genetic screening. However, it has not been directly addressed in the research on FXS screening to date and needs to be explored in future studies.
CONCLUSIONS AND SUGGESTIONS FOR FUTURE RESEARCH
Although all approaches to screening are supported, health professionals and families of people with FXS seem to view preconception as the most appropriate time to offer populationbased screening for FXS. Research offering population-based screening has almost exclusively focused on prenatal and preconception settings and has centered on ascertaining mutation frequency, measuring uptake of testing, and reporting reproductive choices and pregnancy outcomes. Carrier screening in prenatal and preconception settings seems to be an option that is acceptable to many women. In addition, there is evidence that women value having been offered the opportunity to choose whether or not to have screening regardless of whether they take up testing at that time. It is not possible to draw clear conclusions regarding the acceptability of offering newborn screening in the general population as research was limited to a single study. Poor community awareness of FXS means that decision making about screening may be challenging for women from the general population who will lack experience of the condition and who may also be unprepared for a carrier result. Targeted counseling and educational strategies will be essential to support women from the general population. Overall, this is a small body of literature, and it is critical that further research is conducted before screening is introduced, particularly in the area of newborn screening. A summary of suggestions for future research are presented in Text Box.
Text box: Suggestions for future research
• Development and assessment of counseling and educational strategies that facilitate informed decision-making and specifically support the needs of the general population.
• Large-scale studies that combine the offer of newborn screening or carrier screening with an evaluation of factors influencing uptake of testing and an assessment of informed decision making, ethical issues, and the risks of psychosocial harms.
• Studies exploring approaches to offering screening in preconception settings to enable screening to be widely accessible.
• Longitudinal studies to look at pretest and posttest outcomes and to allow examination of long-term consequences and satisfaction with or regrets about decisions to have or not have testing.
• The inclusion of health economic measures in studies in which screening is offered.
• Clinical trials to establish the benefit of early interventions in FXS to guide policy decisions on whether to introduce newborn screening.
